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Abstract

This thesis embodies the experimental work conducted as part of a research programme
undertaken within the Brickwork Laboratories at The School of Environment and
Development,. Sheffield Hallam University. The work uses a direct tensile test
approach, developed in-house, to measure the bond strength of brick-mortar interfaces.
The thesis postulates that direct tensile bond strength values can be used as a means of
assessing compatibility of brick and mortar properties which directly influence the
structural and durability performance of brickwork. The work identifies that direct
forms of tensile testing are suited for comparative research more readily than flexural
testing techniques, which induce inherent variability to the test system due to sample
format and by application of the associated flexural bending theory. It is maintained
that flexural bending tests reflect parameters which influence disproportionately the
compressive strength of the mortar and the joint periphery. The work uses traditional
volume ratios for mortars, proportioned to a constant mass of sand, to identify the effect
that discrete changes in cement and lime content have upon bond strength performance
of the mortar. The results show that cement content of mortar has no significant
influence on bond strength, provided that the combined proportion of cement and lime
maintain a 1:3 ratio by volume with the sand. Furthermore, it has been shown that the
volume of the mix water should match the volume of cementitious material, in order to
achieve suitable workability. The work produces a bond strength development curve
for samples aged between S5-minutes and 2-years of age and concludes that bond
strength does not develop in the same manner to compressive strength and that bond
strength may decline post 28-days. Samples up to 2-years in age can demonstrate up to
40-percent loss of bond due to the effects of sustained drying shrinkage. Consequently
the work questions the value of using 28-day strength tests as a means of predicting
future bond strength performance. It is identified that the controlling parameter which
effects bond strength development is the removal of the excess mix water from the
mortar by brick suction forces. The work examines unit water absorption characteristics
and identifies that the initial rate of suction test is not sufficiently representative of a
unit’s ability to remove water from a retentive mortar bed. In response a unique
method, which measures the continuous water uptake of the brick bed-face is presented.
The resulting water absorption profile identifies the rate of change of flow and the
resulting force function, with which water is potentially extracted from the retentive
mortar bed. Results show that a good correlation between a unit’s suction force and
bond strength can be attained. It is presented that initial bond strength is developed by
volumetric plastic shrinkage of the mortar bed, induced by rapid removal of the excess
mix water by brick background suction, which generates a mechanical lateral gripping
action to the undulations of the brick bed-face.
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Chapter 1 Introduction

1.0 Introduction

The evolution of the modern masonry wall finds its origins in the most early forms of
human habitation, with the fundamental nature of its construction evolving little until
the latter part of the 19 Century. Historically, the essential feature of masonry was one
of robust, load-bearing stone or clay units, set usually in lime-sand mortar and
constructed from indigenous materials by local craftsmen, intended to suit the purpose

of location and nature of dwelling occupation.

The perceived function of the mortar was essentially to keep the units apart, fulfilling a
passive role of distributing compressive stress between units of non-uniform shape and
size. The mortar gained strength slowly through a process of carbonation. The
accepted weakness of the tensile strength of masonry was compensated for by
substantial wall thickness and utilisation of the materials self weight. Furthermore, it
was generally accepted that such construction was not weatherproof and wall thickness

alone was relied upon in order to prevent rain and wind penetration.

The 20" Century has placed considerable demands upon the structural form and
durability performance requirements of the building envelope. The ethos for pursuit of
low cost, but increasingly architecturally challenging designs, coupled with a change in
user requirements, has brought a fundamental transformation to the way in which

masonry is used in construction.

Masonry in the UK today typically takes the form of non-load bearing cavity external
walls of 100mm thick brickwork, a cavity of between 50mm and 100mm and a load-
bearing blockwork inner leaf. Both leaves are of uniform course and thickness, built in
stretcher bond using cement and sand mortar. The additional hardware required to
achieve such a form of construction will include stainless-steel cavity ties, metal
restraint straps, steel wind posts and cavity trays over openings. Infrariably the inner
and outer leaf of the cavity wall will be made from materials of different mechanical

properties, resulting in differential thermal and moisture movement; this is further
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exacerbated by varying levels of thermal insulation incorporated within the cavity. In
consequence there is a requirement for frequent horizontal and vertical movement joints
with sliding stainless steel anchor ties to allow the outer leaf to move and chemically
advanced sealants to prevent water ingress. Sutherland! maintains that the masonry
industry has accepted each apparently beneficial change as itself immutable and gone
on reacting positively to the problems caused by it, thus building up a string of
sequential benefits, problems and solutions. He argues that the modern cavity wall is a
complexity which needs to be compared to the simple bonded construction of earlier

years.

In order to consider the reasons for such a dramatic change in the form of masonry
construction and materials over a relatively short period of time in respect to its long
and established history, it is beneficial to examine the genesis of the masonry wall and
to consider the demands which have been placed upon the fabric and structure of the

building, both by the physical and socio-economic environment.

1.1  Evolution of The Cavity Wall

The principal disadvantage with traaitional form of masonry construction was that
buildings were often cold and damp. As populations increased, wall construction,
which could be anything over one and a half feet thick (0.45 m), amounted to
considerable “wasted” space. According to Sutherland!", walls could occupy 10-15%

of the overall plan area of the building,

During the 19® Century increasing emphasis was placed on low cost housing for the
working classes. Piers'?), reporting on wall construction in Belgium, suggests that
around 1850, Belgium dwellings had three classes of wall thickness, paralleled closely
by the social class of the occupants; the working mans house had walls of one brick
thick (20cm), the middle class house one and a half brick thick (30cm) and the
mansions of the upper class had two brick thick walls (40cm). While the two brick
thick wall could be considered weatherproof, the one and a half thick wall would be

damp probably once every 5 years and the single brick wall remained permanently
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saturated. A similar comparison can be drawn with the condition of the housing stock
in Britain in 19" and early 20® Century. Consequently, the health of the nation and in
particular the health of the workforce, was deemed to be directly related to the quality
of the housing stock. The Victorians adopted the rudiments of the modern cavity wall

as a panacea to cure dampness.

Various forms of walling were constructed to introduce an air cavity into the wall, but
invariably this cavity was breached in one way or another by the need to maintain
structural stability. Connection of two single leaves by metal ties was known as early as
1860, but cavity wall construction in this manner did not catch on until the period
between the two World Wars. This was prompted by The Tudor Walters Report of
1918"! which saw the cavity wall as part of the universal prescription for healthy and

comfortable living.

1.2 = Environmental Performance Requirements

The socio-economic climate over the past century has dictated not only the structural
form of construction in which masonry is utilised, but has also proliferated demands for
improved thermal performance of the wall material. During the last half of The 20®
Century, UK governments have progressively introduced legislation into the Building
Regulations in an attempt to improve the thermal performance of buildings. Early
legislation was driven by a need to improve the durability performance of the building
fabric and to control condensation and mould growth. Later legislation has reflected an
increasing awareness of the adverse environmental impact of energy consumption and
CO, emissions. In particular it was identified that domestic heating and hot water
accounts for 25 percent of all CO, emissions produced in the UK and consequently,

buildings have been targeted as one of the principal contributors to “greenhouse gases”.

Following the outcome of The Earth Summit in Rio de Janeiro in 1992, all developed
countries were set targets for reducing emissions of greenhouse gases to 1990 levels by

2000. Further legally binding cuts in greenhouse gas emissions were introduced in 1995
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at The Kyoto Earth Summit, which aimed to cut emissions by an international average

of 5.2 percent from 1990 levels by the year 2010.

1.2.1 Thermal Insulation requirements

The mandatory thermal insulation requirements for walls was first introduced into the
Building Regulations in 1966. At the time the requirement was for a U-value of
1.7W/m? °C, which could readily be achieved by conventional two leaf brick cavity
wall, finished internally with normal plaster. The reduction of the U-value to 1.0 W/m?
°C in 1976 accelerated the introduction of lightweight concrete masonry products for
the inner leaf, in order to provide the necessary insulation. Beard!” maintains that a
further reduction of U-value to 0.6 for housing and introduction of 0.6 and 0.7 for some
non housing applications in 1982, effectively eliminated any viable cavity construction
reliant upon two skins of masonry alone and thereby accentuated the introduction of

lightweight cavity insulation into the cavity space.

Further amendments to Building Regulations” for England and Wales were introduced
in July 1995 and outlined a basic U-value requirement for exposed walls of 0.45W/m?
°C. Current compliance with Part L of The Building Regulations for England And

Wales' requires a U-value for exposed walls of 0.35W/m? °C.

A further consequence of the introduction of insulation into the cavity space has
resulted in the outer leaf of the cavity becoming exposed to more extremes of
temperature; the drainage path of the external leaf has been restricted predominantly to
the outer face of the wall. Walls with high levels of cavity insulation are more likely to
experience interstitial condensation and exaggerated thermal and moisture movement,
together with increased risk of frost action and degradation of the mortar through
sulphate attack. Of most relevance, the inclusion of insulation and other hardware
material within the cavity provides a means of transmitting moisture through to the
internal leaf. As a result, durability problems manifested by water penetration, salt
staining, frost spalling, sulphate attack and movement cracking remain the principal

material defect in masonry structures.
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1.2.2 Rain Penetration

Cavity walls require very high standards of workmanship in order to avoid defects such
as incorrectly installed wall ties or ties sloping inwards, mortar droppings on ties, debris
bridging the cavity, incorrectly installed cavity trays or missing drain holes. Cavity
insulation, whether filling the cavity in its entirety or leaving a nominal cavity between
the insulation and the outer leaf, merely serves to exacerbate an already common defect.
Whether in isolation or accumulation, these defects lead to rain penetration. The
problem was highlighted in a NHBC newsletter!”! in 1984 which stated, “do not use

cavity wall insulation unless your building standards are very high”.

The National House Building Council (NHBC)® reported £4.5 million in claims
relating to rain penetration as a result of the severe storms of December 1989 and
January and February 1991. Although these storms were severe, meteorological data
showed that such intensity had been exceeded previously on a number of occasions. Of
even more concern was that the worst affected areas were the counties of Hampshire,
Kent and Wiltshire, which were not recognised as particularly exposed areas according

to Driving Rain Index maps®.

The NHBC inspectors found that cavity walls which were fully filled with insulation
were responsible for three-quarters of the above claims; however 1 in 7 of the claims
related to “clear” cavities, or cavities in which insulation material did not occupy the
full thickness. The NHBC reported significant damp penetration problems in 1023
dwellings, 80% of which were in buildings less than 12-months old, and determined
that defects which gave rise to water crossing the cavity were mortar droppings on wall
ties, ties slopping towards the inner leaf, droppings at the base of the wall bridging the
dpc, trays and dpc’s incorrectly formed and perp-end joints which were not fully filled.

In addition, research!'” has shown that retro-fill insulation can potentially lose its water
repelling properties over time, since rain water penetrating the facing brickwork could

become alkaline, breaking down the waterproofing properties.
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Newman and Whiteside!""! investigated the penetration of water through 100mm single
leaf brickwork, such as that found in the external leaf of a cavity wall. It was shown
that after wetting at a rate corresponding to severe storm, a high proportion of water
was able to pass through the wall which from visual inspection of their external face,
could be said to be “well built”. It was confirmed that leakage occurs primarily through
cracks between brick and mortar at their interface. Measurement of air leakage
indicated that these cracks were on average approximately 0.1mm wide. The results
showed that no leakage occurred through the mortar itself, 7% through the bricks and
40% and 54% through the interface cracks at the bed-face and perp-end respectively.

Newman and Whiteside argue that greater part of cracking at brick-mortar interface is
caused by suction of water from the wet mortar after laying; resulting in mortar
shrinkage. In addition bricks and mortar undergo small reversible dimension changes
with changes in moisture content. This may contribute to the widening of the cracks as
the wall dries out and narrowing as the wall becomes wet. Leakage is sensitive to such
changes, explaining why incidence of rain penetration is much more common in new

dwellings, with reducing incidence as the building matures.

Researchers, for example Skeen!'?l, Butterworth and Skeen!" and Grimm**!

appear to
be in broad agreement that the main mechanism for rain leakage through masonry walls
is by flow of water through micro-cracks at the interface between the units and the

mortar, while capillary flow through porous units is a secondary mechanism.

1.3  Structural Performance Requirements

Conventionally the suitability of materials for their intended purpose have been
evaluated and specified in terms of their individual compressive strengths; the structural
design of such load-bearing elements being based upon prescribed wall thickness, given

by a denomination of standard number of units.

A consequence of the introduction of the cavity wall is that brickwork today
predominantly takes the form of non load-bearing single skin, 100mm thick brickwork,

spanning horizontally between floor and roof restraints, or, as in the case of brickwork

6
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cladding to framed buildings, as laterally spanning wall panels. Resultantly, walls are
much more slender and flexural and tensile forces, which in the past were not explicitly

designed for, must now form part of the design criteria.

Tensile forces in the wall can be developed in two ways. Flexural tensile forces may be
caused by lateral wind or earth pressures or as a result of eccentric load application onto
the wall. Direct tensile forces may be generated by differential settlement of part of the

building or uplift forces due to wind suction acting on the roof structure.

The flexural tensile strength of masonry may be defined as the ultimate tensile stress
developed in the extreme edge of the bed-joint when subjected to bending about an axis
parallel to the bed-joint. The self weight of the wall above the critical bed-joint,
together with building loads supported by the wall, will compensate the vertical tensile
stress developed within the bed joint. Horizontal cracking along the bed-joint and

bulging of the wall are indicative of failure induced by flexural bending.

Flexural tension can be developed in horizontally spanning masonry, due to an
application of lateral loading inducing bending perpendicular to the bed-joint. Such
application of load induces flexural tension in the perp-end joints and torsional shear

forces within the bed-joint.

Shear stresses may also be developed within the bed-joint, due to thermal and moisture
movements within the wall, stress concentrations around openings, the long-term
effects of creep, settlement or lateral movement of the building frame inducing racking

shear.

[15]

Grimm' ' argues that shear strength of brickwork is a function of the bond strength of

the mortar to the unit and the frictional resistance at the brick-mortar interface.

A further structural consideration is the effect that compressive loading has on the

structure. Grimm!”

explains that the uni-axial compressive strength and modulus of
elasticity of mortars are usually considerably lower than the corresponding values of

brick, while Poisson’s ratio is higher. Accordingly, under axial compression the
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unrestrained lateral strain of mortar would exceed that of brick. However, shear and
friction between brick and mortar restrain the mortar, placing it in tri-axial
compression, while the brick is in axial compression and lateral tension. Thus the
typical uni-axial compressive strength of the brick masonry exceeds the uni-axial
compressive strength of the mortar. Full-scale tests on walls show that compressive
strength of brickwork is typically 30-40 % the crushing strength of the individual units,
demonstrating that the compressive strength of the mortar has little influence on the

strength of the brickwork.

1.4  Structural Design and Code Requirements

The British Standard Code of Practice for Structural Use of Un-reinforced Masonry, BS
5628161, specifies the structural performance properties of masonry in terms of
characteristic compressive strength fi, characteristic flexural strength fi, and
characteristic shear strength f,. The code gives both characteristic compressive and
flexural strength values for categories of unit and mortar based on empirical data from
large scale laboratory test programmes on panels of representative components tested at

28-days post manufacture.

The code of practice makes no reference to the determination of direct tensile bond
strength. The only guidance is given in clause 24.1 of BS 5628!'% which states “the
characteristic flexural strength, fi,, should be used only in the design of masonry in
bending. In general, no direct tension should be allowed in masonry. However, at the
designer’s discretion half the flexural strength values may be allowed in direct tension
when suction forces arising from wind loads on roof structures are transmitted to
masonry walls, or when the probable effects of misuse or accidental damage are being

considered”.

The fact that the structural code for masonry does not permit the development of any
direct tensile forces clearly infers that masonry structures are still to be perceived as
compression structures, with brickwork forming, for all intent and purpose, a vertical

pile of units.
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Clearly, this cannot be the case given the increased slenderness of masonry and the
structural and durability requirements now placed upon the building envelope. It is
apparent that “adhesion” between the brick and the mortar does serve a structural
purpose, but due to the difficulty in ascertaining quantifiable data, the tensile nature of
masonry remains conjectural. Perhaps one reason for lack of design information is the
inherent variability encountered in all forms of bond testing and the absence of a
universally accepted tensile testing methodology. This discussion will be expanded

further in Chapter 2.

There is a general acceptance amongst masonry designers that masonry does not
support tensile forces. In turn, direct tensile forces rarely occur in masonry or at least
can be readily designed out or incorporated by using large partial material safety factors
(typically 2.5-3.5) and accepting low design strengths. In consequence, characteristic

tensile bond strength of masonry has little relevance to the designer.

This absence of informative design and specification information reflects the lack of
understanding of the bonding mechanism. More importantly, it undervalues the
contribution that tensile bond potentially plays to the durability performance of

brickwork as a composite material.

The structural and durability performance requirements demanded from masonry in the
last fifty years have dictated a fundamental change to the nature of interaction between
the unit and the mortar. It is presented that the function of mortar as a component
within the modern cavity wall, is required to bond the units together, to present a
watertight composite material that is capable of transferring induced tensile stresses.
Failure of mortar to fulfil these functions will lead to water penetration, with
subsequent impact on durability and loss of structural integrity. This induced
performance requirement of mortar is far removed from the traditional perceived

function of mortar, which was discussed at the beginning of this chapter.
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1.S  Research Objective

In response to the perceived interaction requirements between the brick and mortar, the
work embodied in this thesis provides the opportunity to evaluate bond strength
performance characteristics of brick-mortar interfaces. The pursuit of the hypothesis is
intended to contribute significantly to the present knowledge of the bond formation

mechanism.

It follows that the quality and nature of the contact at the interface between the brick
and the mortar, characterised by the magnitude of the measured bond strength, is
indicative of the compatibility of the component materials. Compatibility between
bricks and mortar not only affects the future performance of the composite but also

promotes construction productivity and beneficial bricklaying practices.

Material compatibility is increasingly relevant in the masonry industry, reflecting the
developments in construction philosophy. For example, the design of mortar mixes
have become increasingly sophisticated and in 1989 it was estimated!!” that there were
137 different mixes available for specification. Superimposed upon the increasing
range of mortar constituents, additives and unit type, the potential combinations of

materials become limitless.

The methods for evaluating masonry performance have not kept pace with the
technological advancements in the material market and construction practices. There is
an increasing need for more informed understanding of the bond strength development
mechanism and a satisfactory means of testing and evaluation of bond strength

performance.

The pursuit of an understanding of bond development process has produced a
considerable volume of literature on the subject. It is the authors opinion that conflict
in the literature exists regarding the mechanism of the bond formation process and the
parameters which influence its development. Examples of such disparity in the
research will be discussed in the literature reviews contained within each chapter of this

thesis.

10
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It is recognised that there is no universally accepted tensile testing methodology for
masonry and research has tended to vacillate between testing small representative
masonry wall panels such as wallettes, or couplets or prisms, by either the application

of flexural bending or by the application of a direct tensile force.

It is the nature of this applied force to the masonry assemblage during bond testing,
together with the subsequent application of the associated stress theory used for the
derivation of the bond stress, which promotes much of the uncertainty surrounding
parameters contributing to bond strength performance. The author maintains that while
flexural bending tests provide good simulation of in-situ tensile stresses likely to be
encountered by masonry under lateral loading, they are not representative of the true
tensile bond strength between the brick and mortar interface. Mortar is an anisotropic
material; displaying different mechanical properties in tension and compression. The
application of flexural bending depends upon the mortar in compression zone forming a
hinge to enable the mobilisation of tensile stresses. While the interaction between the
compressive and tensile behaviour is important to the structural performance of
masonry, the existence of these dual parameters does not allow for the identification of

bond strength parameters in isolation.

Chapter 2 appraises the chosen tensile testing methodology and draws comparisons
between flexural methods of testing and those which rely upon the application of a
direct tensile force and concludes that comparative work is more sensitive to direct

forms of tensile testing than the less searching nature of flexural testing.

The application of flexural bending tests, for reasons mentioned above, has resulted in
much of the research drawing comparison between the development of the compressive
strength of mortar with that of bond strength. This has attributed bond strength
development to an association with the cement content of mortar and has established
the criteria for testing bond strength performance characteristics at 28-days, in

accordance with compressive strength gain of mortar.
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Chapter 1 Introduction

Chapter 3 investigates direct tensile bond strength performance of generic mortar mix
proportions. By proportioning cement and lime to a constant mass of sand, using
traditional volume ratios, it is possible to investigate the influence of increasing cement
content of mortars upon bond strength. Correspondingly, the addition of lime can be
monitored independently as an additive. The work identifies a 1:1:6 optimum mix
when reviewing bond strength performance and challenges previous work which draws
comparison between bond strength and compressive strength development of the

mortar.

The 28-day benchmark for testing masonry in tension may prove to be theoretical if it
can be shown that bond develops independently to the compressive strength of the
mortar. Such a finding would hold significant implications as to the validity of research
already undertaken on bond strength tested at 28-days. Moreover, the age of testing
becomes an important criteria if bond strength is to be promoted as a performance

predictor of component compatibility.

Chapters 4 and 5 address the bond strength development with time and distinguish two
distinct bonding phases for mortar in the wet state between 5-minutes and 24-hours post
manufacture and mortar in the hardened state between 2-days and 2-years of age. The
experimental work identifies that the bond mechanism is marked by rapid plastic
shrinkage of the mortar bed in the early phase, which can be advantageous to the bond
formation. This initial stage is then followed by prolonged drying shrinkage in the

latter stages, which, if excessive, may lead to the impairment of bond over time.

Chapter 6 recognises that the removal of excess mix water, by brick background suction
contributes to both early plastic shrinkage and subsequent long-term drying shrinkage.
An experimental programme compares conventional methods of assessing unit suction
forces and methods of adjusting unit suction rates and reveals that they are not
sufficiently sensitive enough to predict both the quantity and the way in which water is

removed during the crucial bond formation stage.
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Chapter 7 develops a unique method of measuring the continuous water absorption of a
unit and identifies suction force, as opposed to quantity of water removal, as the critical
parameter which determines the extent of excess mix water abstracted from the

retentive mortar bed.

Chapter 8 concludes that bond strength development between the brick and the mortar
is indicative of component compatibility. Quantification of bond strength, measured by
a direct tensile testing approach, helps to identify those parameters which influence the
bond formation. Having identified these parameters, an explanation is presented as to

the actual mechanism of bond formation.
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1.6  Qualifications

There exists inevitable variation in masonry bond strength testing, induced by the
chosen testing methodology, sample manufacture and curing. Overlaid upon this is
inherent variability in mortar constituents, mortar batching and unit characteristics. In
consequence, experimental design which seeks to identify contributing parameters must

produce high sample representation in order to promote statistical analysis.

In response, this study has purposefully controlled sample variation by applying
consistent mortar batching and mixing procedures which utilise a constant mass and
source of sand, together with prescribed mix water content. Mortar types investigated
have been limited to the generic mortar mixes which appear in Table 1 of BS5628
Part 11", Similarly the experimental work has used one type of clay masonry unit for
the evaluation of bond strength performance. Couplet samples used for testing
represent only bed-face bonding characteristics and the performance of the perp-end
bond have not been investigated. Testing of isolated couplet joints do not take into
account the influence of pre-compression due to overlying courses. Workmanship
parameters have been controlled by the use of a couplet joint forming jig and samples

throughout the entire test programme have been produced by the same operator.

It is the authors view that the effectiveness of this style of research programme, which
seeks to promote an understanding of the primary bond formation mechanism, must
restrict the number of different unit types and mortar mix combinations to those that are
readily available. There is considerable temptation to include units with different
characteristics such as calcium silicate or concrete units into a study, or to include
masonry cement mortars or mortars with additives. This will only serve to detract from
the pursuit of an understanding of the bond formation processes at work. The
methodology, once established, may then be applied to further investigations which

serve to incorporate more contemporary technologies.
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Chapter 2 Appraisal of Tensile Testing Methodology

APPRAISAL OF TENSILE TESTING METHODOLOGY

Chapter Summary

Chapter 2 describes the principles associated with testing the direct tensile bond
strength of brick-mortar interfaces. A review of the associated literature examines the
present test methods used to test bond strength and identifies the inherent problems
encountered with all forms of masonry bond testing. The reasons for adopting a direct
tensile testing approach are explained and the method of determining direct tensile

bond is described in detail.
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2.0 Introduction

The inherent variability present in masonry units, mortars, workmanship, sample
preparation and-the testing procedure itself, generate inevitable variance in quantitative
bond strength results. High variability has disguised the influence of particular
treatments from those induced through uncontrollable factors and therefore has further
hindered the understanding of the bond formation process. It is imperative therefore
that statistical analysis can be supported by a testing method which will yield a

relatively large sample population and which will promote consistency.

The suitability of the testing practice for comparative research depends equally upon the
format of the test specimen and the test mechanism. Flexural forms of testing generally
rely on determining the strength of the weakest joint in a wallette or stack bonded pier.
In consequence, the scale of the specimen format restricts the number of replicates
which can practically be manufactured, stored and tested during the investigation of any
one particular treatment. Limited sample population, in association with variability
induced during the manufacturing process, restricts statistical confidence when

assessing the significance of a particular outcome.

In an attempt to generate higher sample representation, a wrench type device has been
employed to provide a mean strength of all joints in a prism or wallette, as an
alternative to single joint failure obtained during beam bending. However, the

influence of mortar spot-board age, variation in workmanship or increasing pre-
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compression of consecutive courses during the process of sample preparation, all
introduce inherent variation into the sample population. Many of the statistical
techniques applied to flexural test results from such specimen formats assume normal
distribution of sample populations and yet the influence of the processes listed above

may form skewed data, with results containing inherent bias.

Another issue concerned with flexural testing of tensile bond strength is the assumption
that the neutral axis lies at half the joint depth. Application of beam bending theory
will yield an ultimate tensile stress at the periphery of the joint. Imbalance between the
tensile and compressive properties of the mortar may result in an eccentric neutral axis,
resulting in an over evaluétion of the true bond strength. For example, factors such as
brick background suction, water-cement ratio and cement content of the mortar will
contribute to a modified compression zone, which will have an apparent influence on

the numerical evaluation of the tensile bond strength.

Examining the issues outlined above and those contained within the following literature
review, this chapter intends to demonstrate that direct forms of tensile testing are more
suited to the investigative nature of comparative studies than flexural testing
approaches. It is proposed that factors influencing the bond formation process can only
be identified using quantification of bond strengths gained from a direct tensile testing

approach.

18



Chapter 2 Appraisal of Tensile Testing Methodology

2.1 Discussion of Literature Relating to Tensile Bond Testing

The literature reviewed in this chapter is concerned only with methods employed to test
and quantify bond strength. The influence that a particular test method may have upon
the determination of factors leading to bond strength development is discussed, in order
to demonstrate that a chosen test method may have a misrepresentative effect on the

contribution made by a particular treatment.

2.1.1 Methods of Testing Tensile Bond Strength

In general there are two approaches to testing the bond of masonry units to mortar;
those which rely upon the application of an axial tensile force to pull the bond apart
using samples made from couplets and those involving the application of a bending
moment to the joint by either wallette or beam bending or by applying moment via a

wrench type device.

At present, there is no specified test method for testing bond strength on site in any
European country. In the UK the oniy standardised test is the flexural strength wallette
test, specified in Appendix A3 of BS 5628!"%! and also in ISO/DIS 9652-4""®! and CEN
pr EN1052-21""), which realistically may only be applied to laboratory based studies due

to specimen format and sample size.

The flexural strength of un-reinforced masonry is represented by two parameters, the

flexural strength parallel to the bed joint and the flexural strength perpendicular to the
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bed joint. This review is concerned with the measurement of brick bed-face and mortar
interface bond and therefore consideration is only given to testing properties parallel to

the bed joint.

The Australian stack prism[zol, the US stack prism[2 1 and the bond wrench!®? are further
methods of testing in flexural tension. In the USA, the use of the bond wrench in the
laboratory is now covered by ASTM Standard C1072*! and the method is also
specified in the Australian Code of Practice AS3700%”. The Building Research
Establishment promote the use of the bond wrench!? for testing quality control on site,
existing masonry, mortar variations, laboratory investigations and bond between mortar

and damp proof membrane materials.

The ASTM crossed-couplet test>! used in the USA and the Sheffield Hallam University

test® are two methods of testing in direct tension.

The disadvantage for flexural testing of wallettes is that specimen manufacture is costly
and time consuming and remains unable to compensate for the variability in
workmanship. The effect of pre-compression of varying amounts from courses above
and the changing age of the mortar during manufacture are also simultaneous
influences. Subsequent transportation and storage of samples may also induce damage

to the test specimens.

The Bond wrench test serves to confront many of the problems associated with wallette
testing since it may be used on several different specimen formats, including site or -

laboratory constructed wallettes or couplets. In a paper by De Vekey, Page and
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Hedstrom in 19939 it was demonstrated that bond wrench measurements have high
variability which may be responsible for their lack of acceptance as international
standard tests. This paper compared the variability in bond wrench measurements
between the UK, USA and Australia and analysis of variance identified the running
mean of coefficients of variation (COV’s) between 56.5%, 18.05% and 19.6%
respectively, for site prepared, laboratory tested specimens from a wide variety of

situations.

2.1.2 Specimen Format

De Vekey et al®® reported that in some cases the variability indicated by the standard
deviation is relatively constant and in fact it is the mean bond strength that has more
influence upon the coefficient of variation. They conclude therefore that strongly
bonded masonry gives a lower apparent variability overall, than poorly bonded
masonry. The authors also express concern that the results of the bond wrench
measurement are sensitive to the position of the joint in multiple joint specimens. They
argue that the lower mass of units during laying and curing causes the upper joints to be
weaker than the lower joints. In addition they found evidence during quality assurance
testing done in the USA that the overall CoV’s fell from around 20% to 16% over the
course of construction, which can possibly be accounted for by an improvement in
workmanship practice. Although this is to be expected on site specimens, it indicates

that problems may arise concerning workmanship in any form of sample preparation.
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Anderson®”) demonstrated that the strength obtained by testing individual joints in a
wallette specimen was greater than that obtained from a single joint failure since joint
strength is the mean of a complete sample of joints whereas the wallette strength is the
mean of a sample of essentially weaker joints. Anderson estimated wallette strengths as
60% of joint strengths. Lovegrove and De Vekey? found that the number of joints in
the zone of constant bending moment could influence results. The greater the joint

number the lower the bond strength.

Lovegrove'” determined that the presence of perp-ends complicated the stress
distribution in the bed-joint to such an extreme that the general relationship assumed by
BS5628: part 11" that the strength of the wall is proportional to the square of its
thickness could not be assumed. Finite element analysis demonstrated that the stress-
distribution is so highly modified by the presence of the perp-end that it can no longer

[27] and

be assumed linear. These findings have also been expressed by Anderson
Drysdale and Hamid®”! who suggest that the section modulus methods of calculating

stress may be inaccurate.

2.1.3 The Bond Failure Mechanism

De Vekey?®!! acknowledged that the current British Standard BS5628: Part 11
identifies a relationship between flexural strength of the wallette and the mortar
designation, which, to an extent implies that a relationship between flexural strength
and compressive strength exists. Upon investigation De Vekey found that for bending

parallel to the bed joint results were statistically significant whereas for bending
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perpendicular to the bed joint no correlation was found. The relationship between
mortar flexural strength and compressive strength is considered to be a function of
either cement content of the mix or water-cement ratio. Workers have given limited
consideration to the possibility that the compressive characteristics of the mortar
actually dictate the failure mechanism of the joint in flexural bending, more so than
tensile bond properties. This is confirmed by Anderson's impression that the

compressive behaviour of the mortar influences the flexural strength of the wallette.

1 compared the cross couplet.test with the type B wallette test outlined in

Anderson'?
BS5628!"® and found that strengths given by the wallette tests were higher than the
couplet tests due, he suggested, to the stiffness of the mortar joint interfaces in tension
being less than in compression. Anderson argues that the assumption that the tensile
and compressive moduli of the mortar bed are the same in both tension and
compression is not correct, since the area subjected to tensile stress will be greater than
predicted by the normal assumptions. Essentially, this infers that the position of the

neutral axis is not at mid-depth of the joint and its position can change during testing

due to the compressive and tensile properties of the mortar.

[32]

Drysdale and Gazzola”* indicate that there is no solid basis for relating tensile bond

strength to the compressive strength of the mortar and they argue that it is unlikely that
a unique relationship exists. This assumption was also refuted by Adams and Hobbs*,

who compared the 28-day mortar compressive strength with crossed-couplet bond and

wallette bond and found that no clear relationship existed.
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Baker®" highlighted that in the direct tensile test an ultimate load is divided by an area,
whereas flexural tests use a moment divided by a section modulus. Baker argues that
shrinkage cracks, which occur in the extreme fibre of the joint, which are neglected in
the calculation, reduce the section modulus significantly more than the corresponding
area reduction. Baker estimates that if these shrinkage cracks extend Smm in from the
surface of the bed joint, for a normal sized stack bonded pier, an apparent reduction in
strength of about 28% would be measured. This could possibly provide an explanation
why flexural tensile tests yield higher bond strength results when compared to results

obtained from direct tensile bond tests.

Isberner™ found that cement hydration in the outer portion of the joint continues only
while the relative humidity of the mortar exceeds 85%. He determined that the relative
humidity in the outer portion of the joint, which he described as one-eighth the brick
width, reduced to 80% after three days curing at 28°C and 50% relative humidity.
Hence, hydration of the cement in the outer portion of the joint ceased after 3-days.
Similar measurements showed that hydration at quarter width and centre of the mortar

bed underwent 12-days and 15-days hydration, respectively.

Working on Isbener’s interpretation that the extent of hydration varies across the joint
width, the compressive strength properties of the mortar will also vary, further

complicating assessment of flexural strength based upon the accepted bending theory.

A further disparity between the joint periphery and the body of mortar within the bed

joint, is that any influence of carbonation will take place in the extreme edge of the
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mortar bed, due to the presence of carbon dioxide in the air. Consequently, the flexural
tension approach, which is largely determined by the strength of the outer portion of the

mortar joint, is further complicated by joint boundary conditions.

2.1.4 Comparison of Test Methods

Anderson®®”! found that the ratio of crossed-couplets to all joints tested in a wallette was
approximately 0.51 for brick samples. Adams and Hobbs™*! showed that the wallette
tests gave bond strength up to 50% higher than the couplet tests. This value is similar
to that found by Anderson, despite the work using wallette results rather than a mean of
all joints, which, as discussed above, can yield slightly higher strengths. Adams and
Hobbs also reported coefficients of variation for wallette flexural strengths between
10% and 48% and for crossed couplet bond from 9% to 50%; the average coefficient of

variation being 24% to 27% respectively.

The above study of flexural testing techniques indicates that the bed joint periphery is
more sensitive to flexural tensile bond than to direct tensile measurement. Because
flexural and direct tension test approaches have different boundary conditions and

different stress fields under loading, no realistic correlation can exist between the two.

Authors have questioned the methodology behind the crossed-couplet test, particularly
in the joint formation process. For example, Anderson and Held”® determined that
more consistent results were obtained if the height through which the compaction
weight dropped was doubled from 38mm to 7Smm. This was also found necessary by

Adams and Hobbs®®?. However, neither of these workers question the judgement of
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using a hammer drop to form the mortar joint. It is the consideration by the author of
this work that although bricklayers may tap bricks to line and level in practice, this is
achieved using several small taps, permitting the mortar to flow in a plastic state. A
single drop however may cause a plastic mortar to change its retention properties due to
the hydraulic pressure affects, which could ultimately influence the bond strength
development. Notwithstanding, Pearson”®” found that the crossed-couplet test appeared
to offer the most satisfactory test of the bond strength between the brick and the mortar.
Adams and Hobbs also concluded that the cross-couplet test as a method of determining

bond strength is preferable to the flexural wallette test.

A numerical evaluation of bond tests was performed using finite element analysis by

Pluijm®® in 1995. Pluijm concluded that the crossed-couplet test is not suitable for
determining tensile bond strength and quality control since theoretically the test
underestimates the bond strength by 43-53%. Pluijm claims that the direct tensile
approach adopted in his analysis gave almost ideal results with a uniform stress field

generated in the mortar.

Anderson and Held®® determined during tests comparing wallette’s and crossed-brick
couplets that specimen format could influence results due to curing conditions. They
reported a difficulty when covering crossed-couplets since there was more proportion of

air to mortar, due to the shape of the couplet.

Adams and Hobbs"®® reported that the size of the test specimens required mortar with

different levels of consistence, with higher initial dropping ball range required for
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manufacture of wallettes, in order to compensate for workability loss which occurred

during the mortar’s one to two hour usage.

Some workers, for example Palmer and Parsons[”], McBurney, Copeland and Brink!*?,
Thornton!*!) | Kampf*? and Ritchie and Plewes*’! have used water penetration
techniques to assess the quality of bond at the brick-mortar interface by measuring the
progression of moisture through the joint. Although this method serves to demonstrate
that the integrity of the bond is an important factor in resisting moisture ingress, it is

unable to quantify bond strength results in terms of an ultimate bond stress.

2.1.5 Summary of Literature

Flexural methods of determining tensile bond strength provide acceptable
representation of lateral forces imposed upon single leaf masonry; quantitative results
for different mortar and unit combinations can therefore be used for structural design
purposes with suitable factors of safety being applied to account for the presence of

uncontrollable variation.

It is considered by the author that flexural testing cannot be used for comparative
research intended to distinguish between the effects of two or more treatments, due to

both the nature of testing practice, specimen format and manufacture process.

Flexural testing, which adopts simple beam theory in its analysis, focuses upon the
extreme fibre in tension and therefore is predominantly dependent upon parameters

influencing the joint edge such as shrinkage, hydration and carbonation. These
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influences may not necessarily be representative of the overall bond. Furthermore these
properties are not consistent and could be present as a result of the particular treatment
under investigation. In addition, the presence of perp-ends and properties of the mortar
in compression as well as tension can complicate the analysis used to determine
flexural results and simplification of bending theory is not characteristic of true tensile

bond strength.

It is concluded that both direct and flexural methods of tensile testing have their merits,
however they are entirely different applications and cannot be c'orrelated. Flexural
methods are suitable for investigating structural aspects of masonry but are not
sufficiently sensitive enough to investigate the nature of the bond formation processes.
It is therefore imperative when discussing testing techniques that a clear distinction is

made between direct tensile bond testing and flexural bond testing.

It is further recognised that there would appear to be no unique relationship between the
compressive strength of the mortar and the tensile bond strength. Use of flexural
bending test methods and associated theory has possibly compounded this
misinterpretation. It is recognised and demonstrated in Chapter 3 that parameters
preferential to both the compressive, tensile and bond behaviour of the mortar could be

present but that any interaction is primarily coincidental.
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2.2 Methodology of Tensile Testing Brick-Mortar Interfaces

2.2.1 Comparison of Direct Tensile Test Methods

The testing procedure adopted for this research was initially developed at Sheffield
Hallam University by Taylor-Firth and Taylor’”, shown in and Plate 2.1, and has been
subsequently modified as shown in Figure 2.1a) and b). The chosen methodology, for
reasons explained below, is considered to have certain advantages over the ASTM

crossed-couplet test, which at present is the only recognised form of direct tensile test.

While the actual mechanism of testing does not necessarily need to represent realistic
loading criteria for comparative studies, joint formation does need to simulate true
workmanship practice if the results are to be deemed representative of masonry. It
should be recognised that workmanship parameters differ considerably between laying
continuous courses and producing isolated couplet joints and detailed consideration of

the joint formation process is important when choosing a testing methodology.

The couplet manufacture of the Sheffield Test compared to the ASTM crossed-couplet
test differs in two respects. Firstly, the crossed-couplet test joint is formed by the
operator who judges the correct quantity of mortar to use. The Sheffield test uses
gauging bars to create a consistent, wet laid and compacted finished mortar bed.
Secondly the crossed-couplet test uses impact loading to compact the bed joint, whereas
the Sheffield test uses joint depth bars which permit the operator to generate a parallel,

10mm deep joint by a shearing action. It is believed that impact compaction of the
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crossed-couplet method may not be of sufficient duration to fully compress the joint due

to the hydraulic nature of wet mortar.

Essentially the application of direct tensile force is difficult to implement since any
misalignment in the test system will result in an eccentricity, inducing horizontal and
rotational forces. Adjustment of the hanger bars in the Sheffield rig allows for
dimensional imperfections in brick units to be accommodated. The load is applied at
the bonding interface and therefore axiality is solely dependent upon the flatness of the
bed face and remains unaffected by overall brick geometry. Samples are levelled and

suspended by gravity, facilitating alignment with the direction of loading.

Furthermore, the application of axial loading may not necessarily be reflected by a
uniform stress field at the brick-mortar interface due to flexing within the masonry unit.
In order to minimise misalignment and variation in stress distribution the point of load
application must be as near as possible to the interface under test. This raises the
complication of fitting loading arrangements into the joint which in most cases is
limited to a depth of 10mm and an area of approximately 215mm x 102.5mm.

Encroachment into the joint will reduce the bond area and limit representation.

241 since the

The adopted test has the advantage over the ASTM Crossed-couplet test!
bond area is approximately 50% greater. The lever arm from the loading arrangement

to the interface bond is of a similar length to the Crossed-couplet test.

The Crossed- brick couplet test relies on a compression loading to induce tensile bond

stress. It is argued by Taylor-Firth and Taylor'®! that the failure load recorded by such a
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force will be in excess of the true tensile force required to separate the samples due to
the response of the test system. The Sheffield Test uses tensile force, which is
continuously traced by an integrated calibrated plotter, which retains a graphical record

of true peak load.

2.2.2 Manufacture of Brick-Mortar Couplets

For the majority of the sample preparation in this thesis, Fletton brick units (refer to
Chapter 3 for details) were bonded using their plain bed-face to eliminate the influence
of frogs or perforations upon bond strength formation and measurement. The joint
forming jig shown in Plate 2.2 has two gauging bars, which slide up and down normal
to the bed plane, to accommodate variation in unit size. The lower brick is placed in
position, plane face uppermost and the gauging bars rotated to lie perpendicular across
the bed face. The gauging bars are 15mm deep and allow a wet mortar bed to be

levelled to an initial depth of 15mm and length 150mm.

A portion of mortar is then taken from the spot-board and turned over three times to
impart cohesivity to the mortar before being firmly “thrown” onto the brick between the
gauging bars. A 225mm gauging trowel carries sufficient mortar to form a 150mm long
by 100mm wide by 15mm deep, wet mortar bed. The trowel is then used to level and
compress the mortar to 15mm depth. The width of the mortar bed is determined by the
width of unit since mortar is struck-off level with both faces of the unit. The gauging

bars are then rotated away to release the lower brick.
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The lower brick is then immediately positioned in a second jig, which is equipped with
10mm joint depth roller bars, as shown in Plate 2.3. The brick is centralised and its
forward face placed up against alignment blocks. The upper brick, stretcher face
forward, is then placed onto the mortar bed and pushed with a shearing action until its
face meets the alignment blocks and its ends are level with the lower brick. The 10mm
Jjoint depth roller bars, which restrict further compression of the joint, are then removed
simultaneously using a rotating action, in a direction of pull normal to the stretcher face

of the couplet.

The sample is removed from the jig and any excess mortar which may have been
squeezed out of the joint struck-off flush with the stretcher face. The samples are
allowed to stabilise before tooling of the joints, which are pointed on completion of
every third couplet, corresponding to approximately 15-minutes of mortar spot-board
life. Samples are then cured in the laboratory (20°C, 40% R.H.) for up to one hour in
order to ensure that sufficient strength had been gained to avoid damage while moving.
Samples are then transferred to a curing chamber (20°C, 80% RH) to await testing. For
the majority of work samples have been tested 28-days after manufacture unless stated

otherwise.

2.2.3 Description of Tensile Test Apparatus

The tensile test rig was designed to be compatible with any standard tensile testing

machine including Houndsfield Tensometers. The rig consists of two similar but not
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identical loading units. Each unit has a female connector, which locates onto the male

connector of the test rig and is held in position by a pin.

A mild steel rectangular bearing plate is supported at its centroid by the connector
which is fixed by a bolt on the underside of the plate. The bearing plate has a profiled
section, which has been designed such that the section modulus is consistent with the
theoretical bending moment profile. The bearing plate supports four 6-mm diameter
mild steel rods via a rotational bearing at each corner. These are located through holes
and seated by a cup and cone type bearing. The four hanger rods, two at each end,
support a loading bar which is seated using a similar cup and cone type bearing. The
hanger rods are threaded at one end to allow the loading bars to be levelled in the

horizontal plane.

The standard couplet joint depth is limited to 10mm and therefore there is no facility to
position the upper and lower loading bars symmetrically in the bed joint, since the
loading bars may potentially carry considerable load and need to be of section depth
greater than half the joint depth to resist bending. Consequently the centres of the lower
loading bars are offset by 11mm towards the end of the bearing plate. The couplet joint
depth cannot be increased since the sample joints need to be representative of masonry.
Hendry'** has shown that excessively thick bed joints of between 16-19mm may be
expected to reduce the strength of the brickwork by the order of 30% compared to a
normal 10mm deep joints. This view is also supported by Sise, Shrive and Jessop!*”

who report on the tremendous change in bond strength with joint thickness over the

range 6 to 15mm.
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2.2.4 Modification of Test Apparatus

The original loading bars shown in Plate 2.1, supported the sample on knife-edges
across the brick width. Due to brick dimensional tolerances being poor, it was found
that the bed-face was not contacting at all points along the length of the knife-edge but
rather was bearing at discrete points which could vary between samples and more
importantly vary between loading bars for a particular sample. The screw threads on
the hanger rods are tightened so that the sample is held firmly by the loading bars within
the joint and therefore it was considered that the alignment of the bars could be affected
by any slight undulation in the brick surface and hence impart eccentricity to the test
system. The problem was overcome by using raised contact points, which provided a
two point loading system on each bar and which supported the sample at four specific
points, both top and bottom; refer to Figure 2.1a) and b). The raised contact points
needed to be of sufficient depth to exceed any deviation in bed-plane flatness. By
incorporating these discrete points of contact in the design, the section modulus of the
loading bars had to be reduced to enable the spreader bar to be located within the 10mm
bed-joint depth. The depth of the loading bar was reduced from a maximum of 8mm at
the knife-edge to a flat bar of Smm thickness to allow for 3mm deep disks to be used as
points of contact. It was found that the reduction in section of the loading bars
dramatically reduced the section modulus of the bar and could cause the bar to deflect
within the depth of the joint during sample testing. Bending of the loading bar would
impart serious moment into the hanger bars and more importantly, if the deflection

exceeded the clearance of the bar within the joint, cause the bond to fail prematurely.
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At the predicted working load of the test system, it was calculated that the deflection in
the hanger bars would exceed the joint clearance if the depth of the section was reduced
to Smm. To allow for this phenomenon the elastic modulus of the loading bars had to

be increased.

The loading bars were heat treated at 820°C and then cooled in oil. The steel was then
tempered at 200°C and finished at 58 Rockwell. This treatment gave an increased
modulus of elasticity from 210 kN/mm? to 320 kN/mm?. Two 3mm deep disks, 5Smm in
diameter were then spot-welded to the loading bars at 75mm centres. A calculation
based upon the new modulus of elasticity confirmed that deflection induced under

ultimate bond strength loading, would not exceed the joint clearance.

2.2.5 Testing Procedure

The top four hanger rod screw threads were adjusted in order to level the two top
loading bars with the aid of a 10mm thick toughened glass plate and spirit level. This
ensured that the top plane of the test rig was always horizontal, irrespective of any
deformity within the joint or brick bed-face. The couplet was then suspended by the
upper unit seated on four raised points of contact close to each corner. The lower bars,
which are positioned outside the upper bars were then manoeuvred into position.
Verticality of all hanger rods was checked visually in both planes before tightening the
lower adjusting screws; the adjusting screws were adjusted until finger tight by

tightening diagonally opposite bars in rotation.
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Chapter 2 Appraisal of Tensile Testing Methodology

A tensile force was applied through a J.J. Lloyd Testing Machine fitted with a 20kN
load cell, at a loading rate of Smm/minute. The applied load was recorded using an
electronic pen plotter, which recorded deflection along the abscissa and load on the
ordinate axis. The plot was then measured to obtain the ultimate failure load; 1mm
deflection on the graph corresponding to 20 Newton’s at a load factor of 0.4. The load
cell and plotter were independently calibrated, as reported in section 2.4.1. The bond
area and plane of failure were recorded on the chart after each sample was tested, along
with treatment type, mortar volume ratio and water content, sample manufacture date

and intended test date.
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Chapter 2 Appraisal of Tensile Testing Methodology

2.3 Experimental Verification of Direct Tensile Methodology

2.3.1 Strain Monitoring of the Testing Apparatus

To establish the validity of the test apparatus for imposing direct tension and therefore
measuring tensile bond strength of brick-mortar interfaces, it was required to investigate
the distribution of load in the test apparatus. Measurement of the strains induced in
opposite faces of each hanger rod were taken, in order to identify the presence of
bending in the hanger rods. An average of the strains in opposite faces of the rods
would compensate for the effects of bending upon strain results and indicate the
magnitude of overall tensile strain in the rod. Proportion of distribution of tensile strain

between the hanger rods would thus confirm axiality of the test approach.

Originally, 20mm long resistance strain gauges were positioned on the outside face of
each rod at mid-length. It was found however that in order to get a true assessment of
strain distribution in the hanger rods, resistance strain gauges would need to be fitted in
pairs on opposite faces of the hanger bars to counter any bending influence. In addition

20mm gauges over a 160mm long rod tended to exaggerate the influence of end fixity

of the bar.

Therefore 3mm foil strain gauges were adopted, positioned in pairs on opposite (180

degree) faces of the rods at mid-length.
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Chapter 2 Appraisal of Tensile Testing Methodology

Originally, strains were monitored for each load increment using a digital strain
indicator with readings recorded manually for each of the strain gauges. Having
positioned two gauges to each bar it became impractical to record 16 readings for every
load increment, particularly for the model joints where there was a danger that the load
would fluctuate as the joint began to fail. Consequently, strain was monitored
continuously using a Solatron Orion 3530 Data Logger, which recorded strain in all

gauges and load output from the load cell simultaneously.

In addition to the sixteen strain gauges on the hanger rods a further gauge was placed on
a separate rod, not included in the test system, to compensate for the effects of
temperature. Any compensation for temperature was carried out automatically via the

data acquisition software.

Measurement was conducted to determine the strain distribution through the test
apparatus during loading. Four different sample joint types were adopted, designed to
exaggerate possible joint deformity of the couplet. It was considered that joint

deformity could influence the axiality of the test system.

Model joint 1: No sample joint, upper hanger rods loaded against lower loading

plate.

Model joint 2: A parallel plywood joint, 10mm bed joint depth.

Model joint 3: A plywood joint sloping across width from 10mm to 15mm.

Model joint 4: A plywood joint sloping along length from 10mm to 15mm.
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Chapter 2 Appraisal of Tensile Testing Methodology

The first model tests the axiality of the test apparatus with no model joint present. The
original test rig was designed so that the upper or lower sets of hanger bars could be
situated on the opposite loading plate, as shown in Plate 2.4. This approach permits an
assessment of strain profiles in the rig, without the complication of bending within the

test specimen.

The other three model joints were designed to investigate the influence of joint
deformity upon strain distribution within the hanger bars. Each model was constructed
from plywood and consisted of two 20mm thick plates of 215mm x 102mm plan area
representing the brick. The mortar portion of the joint was again constructed from
plywood, with the joint shaped to represent deformity and plan area 150mm x 102mm.
The samples were then bonded using adhesive. Because the joint component carried
the deformity, each model joint had one normal plane, which was located on the upper

loading bars.

Plywood was adopted for the test specimens because it was considered important that
the test sample had a lower elastic modulus than brick. Similarly, a 20mm thick plate
was used to produce a reduced section modulus and therefore exaggerate the effects of

any bending within the sample.

2.3.2 Procedure for Attaching Strain Gauges

Foil strain gauges were attached to the hanger bars using epoxy resin. Surface
preparation for strain gauge bonding was achieved by degreasing the steel with

isopropyl alcohol. The gauging area was then abraded using grit silicon-carbide paper,
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Chapter 2 Appraisal of Tensile Testing Methodology

firstly with grade 220-320 and secondly with 400 paper. A drafting pencil was used to
mark the alignment marks. The surface was then cleaned using acetone solution and
cotton tipped applicators, wiping in a single direction each time. The gauge was
removed from its acetate envelope by holding the edges of the backing with tweezers
and placed bonding side down on a chemically clean glass plate. The solder terminal
was positioned on the glass plate approximately 2mm from the wiring end. The foil
gauge and solder contact were then picked-up by rolling mylar tape over the glass plate

and the tape lifted from the glass at a shallow angle, lifting the components with it.

The gauge assembly was positioned with one end of the Mylar tape fixed to the bar, to
align with the pencil marks. P6 adhesive was applied to both the gauge back and solder
contact and gauging area on the bar using an applicator. The tape was then bridged
over the gauge area at an angle of approximately 30 degrees; with a piece of gauze the
tape was wiped onto the bar with a single stroke making sure no air became entrapped.
Several wipes in one direction were made with the gauze to remove as much adhesive
as possible from between the gauge and the bar surface. The bar was then held in the
hand for two minutes to allow the body heat to cure the adhesive. The Mylar tape was

then peeled away at a very shallow angle to reveal the gauge and solder contact.

The necessary wires were soldered to the solder block and lead wires attached. The

bars were then shrink-wrapped in a plastic sleeve for protection.

When fixing strain gauges it is important to ensure that any pressure applied to the

gauge during adhesion does not cause the bar to bend, since negative strain will be
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Chapter 2 Appraisal of Tensile Testing Methodology

induced in the strain gauge upon straightening of the bar. Therefore, a special jig was
used, with a groove to support the bar while pressure was applied. A line was marked
at the end of each bar across the diameter to ensure that the bar could be rotated through

exactly 180 degrees when attaching the gauge on the opposite face.
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Chapter 2 Appraisal of Tensile Testing Methodology

2.4 Experimental Results

2.4.1 Calibration of Load Cell

Strain analysis of the test apparatus was designed to indicate the distribution of load in
the test system. The final output for a masonry couplet produces a peak failure load,
which is a function of both the load cell accuracy and the calibration of the pen plotter

used to record the peak load.

At the time of the investigation, only a 20 kN load cell was available and concern was
given that the working range of brick couplet bond testing was at the lower end of the
load cell range. An average failure load for bond of a typical brick couplet is in the
region of 2000 Newtons with perhaps 5000 Newtons being the upper bound limit for
testing associated applications, such as the bonding of renders or enhanced bonding
performance as a result of mortar additives. Ideally the working range of testing should
have been at mid-scale of the load cell range. Therefore, if resources would have

permitted a SkN load cell should have been used.

However, it was considered that a 20 kN load cell is capable of measuring lower loads
and the purpose of calibration was to ensure that a linear response over the loading

range was obtained.

Several methods were used in an attempt to calibrate the load cell and plotter. The

most straightforward method was to hang calibration weights on the load cell and
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monitor the deflection output from the plotter. However, due to the test rig geometry,
there was a limit to the number of weights that could physically be suspended and
therefore the anticipated working range of the load cell for testing brick couplets could

not be tested for linearity.

The elastic modulus of a single mild steel bar with the same material and section
properties as the hanger rods was calculated. The load cell bar was fitted with 3mm foil
strain gauge in pairs as described in Section 1.3.2. The bar was removed from the J.J.
Lloyd test apparatus and was held in tensile jaws used in a standard tensile testing
procedure. The bar was then loaded in 5kg increments using calibration weights, the
mass of each calibration weight having previously been independently determined. At
each load increment the value of strain in the bar was recorded. The bar diameter and
cross-sectional area were measured and a stress strain graph subsequently plotted; the

gradient of which gave the elastic modulus of the bar.

Having determined the elastic modulus of the bar using standard weights, it was
possible to use the same bar to calibrate the tensile test rig load-cell and pen plotter.
The strain gauge and load cell output were monitored using the Solatron as Section
1.3.1. Several loading runs were conducted with the bar rotated in different positions in
order to compensate for the effects of any bending present. At each loading increment
the pen recorder marked a position on graph paper, this allowed for the independent

calibration of both the load cell and plotter.
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2.4.2 Strain Distribution

All sample joints were loaded to excess of 3kN, considered to be the upper limit of
brick-mortar bond strengths. No strain profile is presented for a standard brick-mortar
couplet because the failure load is comparatively low and the joint so brittle that a
linear strain response was not presented. However, the purpose of the investigation was
not to show strain characteristics of a masonry couplet but rather to demonstrate that the

test rig was capable of imparting direct tensile force.

The recorded strain and loading results are shown in Figures 2.2 to 2.5, for each of the

model joints described in section 2.3.1.

Figures 2.2 to 2.5 a) show the relationship between load exerted on the test specimen

and the compressive and tensile strains in the hanger rods for each of the model joints.

Figures 2.2 to 2.5 b) show the average of the compressive and tensile strains in the

hanger rods.

Figures 2.2 to 2.5 a) and b) show both the loading and unloading strain profiles. The
maximum load differs for each model joint since each sample was loaded up to a point

where bond failure in the joint was seen to be initiated.

The inlay on each chart shows the orientation of the test system and the direction of
slope for those model joints with deformity. In all cases, the top loading bars were
levelled horizontally and adjustment was made to the lower hanger bars in order to

accommodate deviation from plane parallel.
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Chapter 2 Appraisal of Tensile Testing Methodology

Since the majority of strain is of a tensile nature, tension is shown as positive and

compression as negative, contrary to convention.

The notation for inside/ outside refers to the strain gauge on that portion of the bar
which is positioned either on the inside or outside of the test rig facing the test sample.
The letters shown in the key refer to the positions of each hanger bar relative to the
view from the side of the test machine, with the controls on the far side of the test

apparatus. (T= top, B= bottom; L= left, R=right; F= front, B= back), in that order.

Figures 2.2 to 2.5 c) shows the percentage distribution of the total tensile load in the test
system, carried by each of the hanger rods. The theoretical load is calculated using a
previously determined value of Elastic Modulus of 210 kN/mm? for the hanger bar
material (refer Section 2.4.1), the average tensile strain in the bar and an assumed cross-
sectional area for the rod based upon a diameter of 6mm. The error value shown for
Figure 2.2 to 2.5¢) was calculated as the difference between the total theoretical stresses
carried in each bar and the actual load recorded by the load cell. It is important to note
that the error value is shown as positive in each chart. However in all cases other than
for Joint Number 1 the summation of the theoretical stresses in each bar exceeded the
load recorded by the load cell, yielding a negative value of error. The loading
increments shown in Figure c) are approximately quartiles of the peak load applied to

the model joint in question; no unloading profile is shown in this case.
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